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Abstract 
We examined the binding process of N aCI penetrating into hardened cements from outer 
source through Hungarian manufactured cements representing both general and special 
fields of application. These types are the following: 4.50 Rpc, S 54, 350 ppc 20 and 250 kspc 
60. We observed the effect of chlorides entering cements (between 1-28 and 28-56 days) 
by thermal analysis and X-ray diffraction spectroscopy. X-ray diffraction analysis proved 
that the chloride ion of NaCI is bound by C3A and C4AF in the form C3A· CaCl2 . HID 
and the analogous C3F . CaCI2 . HID containing ferrite. Chloro-aluminate-hydrates were· 
formed not only in the first phase of hydration but in the hardened cement as well by the 
substitution of anions of the present AF m phases: C3A· CaS04 . HI2, C3A· Ca(OHh . H12, 
C3A· CaC03 . Hll . 
Neither X-ray diffraction nor thermal analysis investigations detected any chlorous 
calcium-silicate-hydrates. 
Keywords: chloride binding, cements. 
1. Introduction 
Chloride ion may enter concretes in three ways: 
through mineralizators or contamination during the production of 
cement, 
during the preparation of concrete, 
after the concrete has hardened, for example by road defrostation. 
Chloride ion may appear in cements in the following forms: 
a) Chemically bound. Chemically bound chloride does not corrode rein-
forcement steels. 
b) Physically bound, adhering to capillary walls after adsorption. The 
role of this chloride in corrosion is not yet clear. 
c) Dissolved in pore waters free chloride ions are the main cause of the 
corrosion of reinforcement steels [1, 2]. 
The proportions of free and bound chlorides may be determined by 
laboratory analysis. Numerous previous experiments analysed the way how 
184 K. KOVACS et al. 
chloride ions added to cement pastes are bound in clinker minerals and 
cements. The question whether cements can bind chloride ions penetrating 
into concretes up to years after the preparation of the concrete came up 
only after the entry of wintertime road defrostation. The paper discusses 
this particular process. 
According to literature information on chlorides added during the 
preparation [3, 4] the chloride binding ability of cements is dominated 
by their composition. Chloride binding capacity is mainly determined by 
the calcium-aluminates (C3A, C4AF) and alkaline (K20, Na20) content. 
Calcium-aluminates decrease the chloride ion concentration of pore water 
by forming C3A . CaCh . HID and the analogous C3F.CaCh . HIO contain-
ing ferrite. Alkalis - though they inhibit the C3A + Cl- reaction - increase 
the hydroxide ion concentration in the pore water. The increased concen-
tration of hydroxide ions [5, 6] decreases the ratio between Cl- /HO-; the 
lower this ratio, the lower the danger of corrosion becomes. The Cl- /HO-
ratio in cements depends on the pH value and the amount of chloride that 
the solid phase is able to bind. Only part of free chlorides are bound in the 
form of C3A . CaCh . HID [7]. 
Due to the strong alkaline pH value of cements, an oxide layer appears 
on the surface of reinforcement steels. The protective effect dies if the 
concentration of free chlorides initiating corrosion reaches a certain level, 
or if the concentration of HO- is so limited that the passivative ferrite-
oxide layer becomes unstable. 
The concrete's tolerance level is 35% higher when NaCl is present [8] 
thi\.n in the presence of CaCh [9]. Carbonatization and outer temperatures 
above normal decrease the Cl- binding ability by breaking down chloro-
aluminates. 
According to relevant literature [10] silicate clinker minerals (C3S, 
,BC2S) influence the chloride binding process - though they do not bind 
chlorides chemically. 
We tried to identify the role of the different clinkers in the chloride 
binding process [11] through modelling experiments. 
Cement mixtures made from clinkers and gypsum, however, are not 
merely the mixture of these two ingredients. During the process of cement 
hydration silicates and aluminates form complicated products, so even the 
smallest equilibrium disturbances may cause changes in the structure and 
chemical composition of the product. Even a mixture containing only the 
fundamental constituents is a multicomponent system itself, as the hydra-
tion products of the four basic clinker components that are always or al-
most always present (C3S, C2S, C3A, C4 AF) form several different products 
according to the hydration circumstances, that affect each other's base re-
actions (supporting, blocking or balancing them). The influence of the 
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added gypsum and all the known processes affecting the permanence of 
stability of the formed hydrate products (for example balance of ettringite-
formation breakdown, etc.) also has to be considered. 
Physical structure depending on the circumstanc~s has strong influ-
ence on the balance processes [12, 13]. The compactness, the free water 
content, the absorbed water content of the cement and hydraulic additives 
have dominant influence too. That is how that particular cement structure 
is generated where chloride ion is bound partly chemically and partly by 
secondary, physical bonds. 
2. Experimental Details 
The analysed Hungarian cement products represented the following four 
types: rapid Portland cement (450 Rpc), sulphate resistant Portland ce-
ment (S 54 350 pc), fly ash Portland cement (350 ppc 20), slag Portland 
cement (250 kspc 60). These types correspond to the following interna-
tional standard types: 
rapid Portland cement 
sulphate resistant pc. 
fly ash pc. 
slag pc. 
RPC 
SRPC 
PFAPC (pulverized fly ash PC) 
GGBSPC (ground granulated 
blast furnace slag PC) 
The characteristics of the different cements are summarized in Table 1. 
A series of experiments shown in Table 2 were carried out to investi-
gate the chloride binding ability of cements of different compositions. 
Both the activity level of hydraulic additives increasing the cement 
heterogeneity and the effect of grinding fineness on chemical reactions were 
disregarded. 
Cement paste samples of 10 x 10 x 50 mm were prepared for each 
series; a slice of approx. 1 cm3 was cut off on the days of the examinations. 
Derivatogram was recorded for the departed slices, and X-ray diffraction 
analysis was carried out for each etalon sample, and for each saII!ple stored 
in saturated salt solution between 1-28 days. 
The features of the analytical equipment used are the following: 
Derivatograph: 
type 
reference material 
sample weight 
crusible 
heating rate 
MOM Q-1500D 
A1203 
170+ 20 mg 
corundum 
10 QC/min 
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Table 1 
Results of the chemical and physical analysis of cements 
sign 250 kspc 60 450 Rpc S54 350 pc 350 ppc 20 
Cement factory Vac Vac Labatlan Labatlan 
Chemical composition 
Heating loss 1.13 1.07 1.65 1.50 
Si0 2 % 28.54 20.71 20.39 23.58 
CaO % 53.08 63.60 61.16 56.28 
MgO % 2.40 2.09 2.82 3.72 
Al203 % 6.89 5.43 4.76 5.75 
Fe203 % 1.78 3.51 5.12 3.92 
S03 % 3.11 2.85 2.86 2.55 
Insoluble in HCI % 0.80 0.55 1.21 1.96 
Free CaO % 1.78 0.56 
Mineral composition 
C3 S % 45.20 45.06 
j3C2S % 25.69 25.47 
C3A % 8.55 4.01 
C4 AF % 10.80 15.85 
AM % 1.55 0.93 
Physical characteristics 
density glml 2.997 3.172 3.199 2.912 
specific surface area 
(Blaine) m2/kg 284 345 329 338 
binding water % 28.7 28.7 23.3 29.0 
start of setting 3 h 30 min 2 h 20 min 1 h 10 min 3 h 45 min 
end of setting 5 h 45 min 4 h 20 min 3 h 50 min 6 h 
remained on sieve 
0.2 mm sieve % 0.08 0.05 0.4 1.40 
0.09 mm sieve % 1.79 1.25 7.64 10.99 
volume permanency adequate adequate adequate adequate 
temperature range 20 - 980 QC 
sensibility 0.5 mg/grade 
atmosphere aIr 
X-ray diffractometer: 
type JEOZ JDX 85 
X-ray tube Cu Ko: 
accelerating voltage 40 kV 
anode current strength 40 mA 
sensibility 1 X 103 c/s 
goniometer speed 2 degrees/min (0) 
paper speed 20 unit/min 
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Table 2 
Analysed cements and hydration circumstances 
Cement type Mixing water Storing Salt Relative humidity, % 
Sign compared to temperature treatment after treatment 
cement QC 
1 450 Rpc k = 0.287 20 1 100 
2 450 Rpc k = 0.287 20 2 100 
3 450 Rpc k = 0.287 20 3 100 
4 450 Rpc k = 0.287 20 4 100 
5 S 54 350 pc k = 0.233 20 1 100 
6 S 54 350 pc k = 0.233 20 2 100 
7 S 54 350 pc k = 0.233 20 3 100 
8 S .54 350 pc k = 0.233 20 4 100 
9 350 ppc 20 k = 0.290 20 1 100 
10 3.50 ppc 20 k = 0.290 20 2 100 
11 350 ppc 20 k = 0.290 20 3 100 
12 350 ppc 20 k = 0.290 20 4 100 
13 250 kspc 60 k = 0.287 20 1 100 
14 250 kspc 60 k = 0.287 20 2 100 
15 250 kspc 60 k = 0.287 20 3 100 
16 2.50 kspc 60 k = 0.287 20 4 100 
17 450 Rpc k = 0.287 20 etalon 100 
18 S 54 350 pc k = 0.233 20 etalon 100 
19 350 ppc 20 k = 0.290 20 etalon 100 
20 250 kspc 60 k = 0.287 20 etalon 100 
Treatment: 1 - 10% NaCI solution between 24 hours and 28 days 
2 - saturated N aCI solution between 24 hours and 28 days 
3 - 10% NaCI solution between 28 and 56 days 
4 saturated N aCI solution between 28 and .56 days 
Date of analysis: The age of 1, 28, 56, 90 and 180 days 
Remarking: k = binding water 
3. Results and Evaluation 
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DTG curves of the derivatograms for each 90 day old reference samples 
stored in 100% relative humidity are of identical nature (Fig. 1). Each 
has 3 main peaks. The peak around 100°C shows the continuous leaving 
[14] of different types of the cement's water content (humidity adhering 
to the surface, interlayer water, pore water, crystal water of AF m phases 
and ettringite, water from partial dehydration of C-S-H gel). The shoulder 
appearing occasionally under 100°C belongs to surface humidity, the ones 
around 180 °C and 280 300°C are the effect of AF m phases: C3A· 
Ca(OHh· H12, C3A· CaS04' H12. C-S-H gel also loses water around 300°C. 
These shoulders and enlarged peaks are of limited intensity, the presence 
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of AF m phases is shown rather by the expansion of the peak. Cement type 
350 ppc 20 is an exception; the appearance of monophases is significant 
due to the higher Ab03 content of this particular cement type (Fig. 2). 
1oo'C 500 ·c 900 ·c 
! ! ! 
S 54 350 pc 
-----
Fig. 1. DTG curves of 90 day old reference hydrated cement samples 
Portlandite (Ca(OHh) formed during hydration loses 1 mole water 
around 460°C. The degree of hydration may be measured by the weight 
loss at this peak. Fig. 1 clearly shows that among the four cement types 
from 450 Rpc is formed most Ca(OHh, while 250 kspc 60 and 350 ppc 20 
form the lowest amount. This is due to the higher reactivity (450 Rpc) 
and to the fact that hydraulic additive materials of cements containing slag 
or fly ash react with portlandite generated from C3S and C2S during the 
hydration of cement, forming secondary C-S-H gel. Numeric results are 
given in Tables 3, 4, 5, 6 and 7 in the percentage of the weight of input 
materials calculated from the TG curves of the derivatograms. 
The order of reaction rate of the four different cement types is the 
following: 
450 Rpc ~ 350 ppc ~ 250 kspc 60 ~ S54 
CaC03 loses 1 mole of C02 at the third DTG peak between 600 and 800°C. 
We have to mention the special characteristic of DTG curves bending 
significantly low over 550°C (550 - 650 °C) as hydration proceeds. This 
is the temperature range where C-S-H gel loses its remaining crystal wa-
ter content. 
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Fig. 2. DTG curves of hydrated cement pastes prepared 
of 350 ppc 20 cement at different age 
Fig. 3. DTG curves of hydrated cement pastes stored 
in saturated NaCl solution between 1-28 days 
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Fig. 4. Influence of salt treatment on the hydration of 90 day old hydrated cement pastes 
made of 450 Rpc (according to the DTG curves) 
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Fig. 5. Influence of salt treatment on the hidration of 90 day old hydrated cement pastes 
made of S 54 350 pc (according to the DTG curves) 
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Fig. 6. Influence of salt treatment on the hydration of 90 day old hydrated cement 
samples made of 350 ppc 20 (according to the DTG curves) 
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In 'Water 
Saturated NaCI solution 
between 28-56 days 
Fig. 7. Influence of salt treatment on the hydration of 90 day old hydrated cement 
samples made of 350 kspc 60 (according tv the DTG curves) 
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Fig. 8. X-ray diffraction spectrum of 150 day-old 250 kspc 60 cement paste stored in an 
atmosphere of 100% relative humidity 
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Fig. 9. X-ray diffraction spectrum of hydrated cement sample made of 250 kspc 60 
stored in 10% NaCl solution between 1-28 days and 100% relative humidity 
atmosphere afterwards (150 day old samples) 
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Table 3 
Weight loss of 1 day old hydrated cements calculated from TG curves of derivatograms 
130 - 640°C 20 - 130 °C 640 - 750°C under 900 °C 
Sign bound water water content CO2 total 
% % % % 
1 6.82 10.00 1.77 18.59 
2 6.66 7.75 1.53 15.94 
3 6.74 11.45 1.50 19.69 
4 6.78 8.63 1.21 16.62 
5 4.27 5.41 2.25 11.93 
6 4.60 9.09 1.70 15.39 
7 4.41 6.98 1.53 12.92 
8 
9 5.61 9.81 1.47 16.89 
10 4.38 8.13 2.00 14.51 
11 4.09 6.6.5 2.47 13.21 
12 3.69 11.39 1.54 16.62 
13 4.94 12.00 1.16 18.10 
14 4.06 9.77 1.63 15.46 
15 4.52 7.88 1.75 14.15 
16 3.93 3.51 1.50 8.94 
17 7.36 7.86 1.17 16.39 
18 2.90 10.43 1.96 15.29 
19 3.16 4.85 2.19 10.20 
20 3.39 6.68 2.11 12.18 
DTG curves of cement samples stored in NaCl solution (10% con-
o centration or saturated) between 1-28 days show peaks of reasonably in-
creased intensity that belong to the water loss of AF m phases (between 
180 and 300 QC); even the division of the peak around 300 QC into par-
tial peaks may be observed (Fig. 3). The appearance of the new com-
ponent (C3A . CaCh . HIO) shown by X-ray diffraction analysis as well 
proves that chloride ion from outer source may also bind into cement con-
stituents. Cement type S 54 350 pc which contains calcium-aluminate in 
the form of C4AF forms the analogous C3F . CaCh . HIO containing fer-
rite. Chloro-aluminate-hydrates form solid solutions with the pr!,,!sent AF m 
phases (C4AH13, C3A . CaS04 . H12 or occasionally C3A . CaC03 . Hn) -
though not always and not under any proportional ratios. This is another 
possible reason for the peaks to unite into one. 
The derivatogram of samples stored in NaCl shows three more minima 
over tl)e peak of portlandite (460 QC). The one at 580 630 QC belongs 
to the water desorption of C-S-H, the one at 750 QC originates from the 
sublimation of NaCl adsorbed to the surface of the samples. The peak 
around 680 - 720 QC is not surely connected to CaC03, as samples not 
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Table 4 
Weight loss of 28 day old hydrated cements calculated from TG curves of derivatograms 
130 - 640°C 20 - 130 °C 640 - 850°C under 900 °C 
Sign bound water water content C02-NaCl total 
% % % % 
1 9.88 8.22 1.53 20.23 
2 11.51 8.16 1.66 21.33 
3 10.72 10.00 1.50 22.22 
4 11.36 8.36 1.55 21.27 
5 7.89 9.57 1.31 1.74 20.51 
6 6.62 8.06 1.00 1.82 17.48 
7 
8 6.54 7.65 2.00 20.89* 
9 7.46 9.27 1.40 1.35 19.48 
10 6.71 10.14 1.44 1.77 20.06 
11 8.15 8.25 2.06 18.46 
12 7.41 9.13 1.76 18.30 
13 8.54 10.77 0.60 0.77 20.68 
14 6.58 6.73 1.17 1.00 15.45 
15 9.01 6.18 3.46 18.65 
16 6.27 4.81 2.43 13.51 
17 11.36 9.41 1.80 22.57 
18 6.66 6.92 1.29 19.27* 
19 6.97 8.39 1.54 16.90 
20 6.48 4.56 3.04 14.08 
* = samples 8 and 18 are to be repeated 
exposed to NaCI treatment show a DTG mllllmum for CaC03 approx. 
30 °C higher. 
As the X-ray diffractogram proved the appearance of only one single 
chloridous hydrate (the Friedel-salt), we cannot state that the DTG peak 
around 680 0 C belongs to any of the chloridous phases. 
The changes described above appeared only after the age of 56 days on 
the derivatogram of samples stored in 10% or concentrated N aCI solution 
between 28 and 56 days. This means that. chloride ions may bind into 
already hardened concretes as well. 
The DTG curves of samples of the different cement types hydrated 
under various conditions are shown in Fig. 4 (450 Rpc), Fig. 5 (8 54 350 
pc), Fig. 6 (350 ppc 20) and Fig. 7 (250 kspc 60). The figures show that the 
difference between DTG curves of samples stored in 10% or concentrated 
NaCl solution is less than the differences shown by curves of a sample stored 
in a solution of the same concentration recorded at different ages. This 
means that the time and duration of the storage in salt solution has more 
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Table 5 
·Weight loss of 56 day old hydrated cements calculated from 
TG curves of derivatograms 
130 - 640°C 20 - 130 °C 640 - 850°C under 900 °C 
Sign bound water water content CO 2-NaCI total 
% % % % 
1 10.10 1.47 22.69 
2 9.37 8.82 2.36 20.55 
3 11.13 19.45 1.20 0.67 22.45 
4 10.60 8.33 1.81 20.74 
5 7.06 7.35 2.03 1.35 17.79 
6 8.61 9.18 1.00 1.67 20.46 
7 6.73 9.12 1.75 0.88 18.48 
8 5.22 7.35 1.62 1.56 15.75 
9 7.73 9.52 1.34 1.32 19.91 
10 7.98 10.00 1.00 1.50 20.48 
11 8.80 8.55 1.72 0.83 19.90 
12 7.71 8.72 1.47 0.70 18.60 
13 10.41 8.53 1.77 1.01 21.72 
14 11.98 7.65 0.92 1.40 21.95 
15 9.94 9.40 0.72 0.88 20.94 
16 7.69 6.39 0.68 0.67 1·5.13 
17 11.68 10.25 1.50 23.43 
18 5.62 7.0·5 3.41 16.08 
19 8.24 9.3.5 1.94 19.53 
20 7.47 7.53 2.35 17.35 
influence on the composition of hydrate phases than the concentration of 
the N aCl solution. 
Portlandite, ettringite, C3S, ,BC2S, C4AF and CaC03 may be detected 
on all X-ray spectra for samples stored in an atmosphere of 100% relative 
humidity and saturated NaCl solution between 1-28 days (Figs. 8 and 9). 
The X-ray spectrum for the sample of 250 kspc 60 cement stored in 100% 
relative humidity atmosphere shows reflections in addition of C3A, type 
350 ppc 20 shows reflections of C3A and quartz, while type 450 Rpc has 
reflections of C3AH6. 
All samples stored in NaCl solution show reflections of 
C3A· CaCh . HlO, C4A . H13 and their solid solutions. The ferrite contain-
ing analogue has the reflections for C3F . CaCh . HlO at the same position 
as those of chloro-aluminate-hydrate. Most interestingly C3A· CaS04 . H12 
cannot be detected on any of the spectra, though little low intensity reflec-
tions marking the presence of ettringite appear at each sample. This shows 
the low SO~- concentration of the AF m phase, or the level of crystallisa-
tion of monosulphate. 
196 K. KOVAes et al. 
Table 6 
Weight loss of 90 day old hydrated cements calculated from 
TU curves of derivatograms 
130 - 640°C 20 - 130 °C 640 - 850°C under 900 °C 
Sign bound water water content CO 2-NaCI total 
% % % % 
1 1.29 7.87 3.25 2.41 
2 11.17 7.06 2.77 3.65 24.58 
3 10.81 5.82 2.58 2.39 21.60 
4 11.17 8.23 1.76 2.64 23.80 
5 7.72 7.93 2.06 1.61 19.32 
6 9.68 9.44 1.21 1.45 21.78 
7 9.66 10.01 1.92 1.15 22.74 
8 9.08 8.98 1.46 1.17 20.69 
9 10.45 9.85 1.55 1.43 23.28 
10 9.05 9.12 1.18 1.24 20.59 
11 10.91 9.75 2.06 0.59 23.51 
12 10.45 10.62 2.08 0.64 23.79 
13 9.39 9.6.5 1.25 0.79 21.08 
14 10.58 10.05 1.00 0.88 22.51 
15 12.61 10.56 1.41 1.00 25.58 
16 10.25 7.81 1.29 0.71 20.06 
17 11.90 9.82 2.50 24.22 
18 8.11 7.65 3.42 19.18 
19 9.06 10.19 2.80 22.05 
20 7.70 7.55 2.36 17.61 
The X-ray diffractograms do not show any reflections marking the for-
mation of chloro-silicate-hydrate. Though reflections of tobermorite were 
observed only at the sample of 350 ppc 20 cement type but it is undoubt-
edly, that 'C-S-H gel' occurs in every sample. 
4. Summary 
1. Our experiments proved that C3A· CaCh . HID (Friedel-salt) appears 
even in hardened cement samples over the age of 28 days under the 
influence of NaCl solution. This means that NaCl used for wintertime 
defrostation may build in into already hardened concretes as well. 
2. Both X-ray diffraction spectra and thermal analysis proved that the 
chloride of N aCl is bound by C3A and C4AF in the form of 
C3 A · CaCh . HID and C3F . CaCh . HID. 
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Table 7 
Weight loss of 180 day old hydrated cements calculated from 
TG curves of derivatograms 
130 - 640°C 20 - 130 °C 640 - 850°C under 900 °C 
Sign bound water water content CO2-NaCl total 
% % % % 
1 12.08 8.23 1.00 
2 11.64 9.68 1.17 22.49 
3 12.92 7.94 1.18 0.59 22.63 
4 12.09 8.32 0.82 1.03 22.26 
5 9.63 7.33 2.33 1.34 20.63 
6 8.65 8.55 1.47 1.33 20.10 
7 9.08 8.49 1.86 0.77 20.20 
8 8.57 9.86 1.88 1.18 21.49 
9 9.87 9.07 1.51 1.05 22.50 
10 11.80 5.74 1.00 1.29 19.83 
11 12.25 6.13 2.04 0.58 20.90 
12 11.41 6.43 1.61 0.71 20.16 
13 9.77 9.02 1.40 0.77 20.96 
14 10.18 10.29 0.91 0.65 22.03 
15 11.25 9.11 1.00 0.65 22.01 
16 9.42 8.15 0.65 0.53 18.75 
17 11.75 8.54 1.64 21.93 
18 9.42 9.45 2.65 21.52 
19 8.84 7.34 3.56 19.74 
8.12 7.05 3.17 18.34 
3. In case of cement pastes stored in NaCl solution at certain phases. 
of hydration the appearance of monosubstituted phases containing 
chloride was evident in all four cement types. 
4. C3A· CaCh . HIo may be formed from calcium-aluminate-hydrates 
in the initial phase of hydration or may be formed by the substitu-
tion of anions of AF m phases (C3A . CaS04 . HI2, C3F . CaS04 . HI2, 
C3A· CaC03 . HIl , C3F . CaC03 . Hll ) already present. 
5. The amount of the generated C3A . CaCh . HIo is determined mainly 
by the C3A and C4AF content of cements under a given NaCl con-
centration. 
6. X-ray diffraction analysis did not show the appearance of calcium-
silicate-hydrate containing chloride. Relevant literature has not yet 
served with proof whether chlorides 'tightly bound' by C-S-H gel are 
bound by chemical forces or not. Identification of the characteristics 
of chemical connections was impossible in these cases. 
7. Hydraulic additives did not affect basic chemical connections signifi-
cantly, chemical bonds were only detected with C3A and C4AF clink-
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ers. Hydraulic additive materials influenced the absorption of chlo-
rides instead. 
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